Bone is lost following spinal cord injury (SCI) and in the long-term may become osteopenic and liable to fracture. Two non-invasive techniques, ultrasound bone densitometry (USBD) and dual energy X-ray absorptiometry (DXA), have been applied to monitor bone changes after spinal injury. 31 SCI patients were scanned using an ultrasound bone densitometer, to give measurements of speed of sound (SOS), broadband ultrasound attenuation (BUA) and 'stiffness'. The time since injury of these patients ranged between 5 weeks to 36 years with a mean of 5.87 ± 10.21 years. Ultrasonic properties at the calcaneus of these patients were significantly lower than the healthy reference population, and a rapid decline in ultrasound properties occurred in the first 3 months. The fall continued up to 54 months but at a slower rate. The normal linear relationship between SOS and BUA was not altered by SCI. Eighteen patients had DXA measurements at the lumbar spine and the right proximal femur. Bone mineral density (BMD) at the femoral neck was significantly lower than the normal reference population (P < 0.05). SOS and 'stiffness' correlated significantly with BMD at the lumbar spine, Ward's triangle, the femoral neck, the greater trochanter and the intertrochanteric site (P<0.05). BUA correlated significantly at all these sites with the exception of the trochanter. A negative correlation was found between the ultrasonic properties at the calcaneus and BMD at the lumbar spine which is in contrast to the positive relationship in normal subjects. There was a tendency for BMD to increase at the lumbar spine after the first 12 months after injury, although this trend was not significant overall. The 'stiffness' at the calcaneus and BMD at the femoral neck were lower than the reference population following 12 months since injury. These results show that bone deficit at the calcaneus occurs rapidly and to a severe degree after SCI, and that ultrasound has an important role to play in the assessment of bone status in these patients.
Introduction
Following spinal cord injury calcium is rapidly mobilised from the skeleton leading to hypercalciuria, increased urinary excretion of hydroxyproline and a subsequent loss of bone leading to osteopenia. l , 2 However, this skeletal loss is not uniform, and differential removal has been reported between the lumbar spine, the proximal femur and the tibia, 3 and between the distal femur and proximal tibia. 4 An incidence of 5% has been reported for fractures encompassing these regions of the lower limb after SCI 5 and of these only 46% were sustained from non trivial injuries.
The possibility that there may be differential bone loss over other areas in the lower limb has not been systematically evaluated.
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Dual energy X-ray absorptiometry (DXA) has been used to establish the changes in bone mineral composition, allowing quantification of BMD (gjcm 2 ) and bone mineral content, BMC (g), at specific sites of the body particularly the upper end of the femur and the lumbar spine. 6 However its use in following changes in bone mineral in SCI patients in their acute period of injury is limited since SCI patients have a restricted mobility.
Recent developments in technology have seen the introduction of the commercial ultrasound bone densitometer (USBD) which measures the speed of sound (SOS) and broadband ultrasound attenuation (BUA) at the calcaneus. ? SOS is defined as the transit time of the ultrasound wave as it passes through the calcaneus. BUA measures the reduction in the intensity of individual frequency components of the wave as they pass through the heel region and is determined by the use of Fourier Transform.8 SOS is a function of elasticity, and BUA may be related to bone structure. From SOS and BUA, an index termed 'stiffness' has been derived by the manufacturer of the ultrasound bone densitometer. This is not stiffness in the true biomechanical sense that indicates the stressj strain relationship of a bone, but a derived index of bone defined by the manufacturer. 9 'Stiffness' is expressed as a percentage relative to the mean value for young normals and it derives approximately two thirds of its value from the mean of the BUA and one third from the mean of SOS measurements. BUA, SOS and 'stiffness' have been found to correlate with the bone mineral density measurements and to give a clinical index of fracture risk in otherwise healthy populations. 7 ,8, 10 , 11 In this study, we have examined the ultrasonic properties of the calcaneus in a number of patients at various stages after spinal injury and have compared Ultrasound bone densitometry in SCI patients YW Chow et al the relationship between ultrasonic measurements at the calcaneus with DXA measurements at the spine and proximal femur.
Patients and methods
Patients were attending the Midlands Centre for Spinal Injuries. Thirty-one spinal injury patients, 12 females and 19 males, were studied. Eleven patients were within 3 months of injury, seven patients were between 4 and 12 months after injury and 13 patients were more than 1 year since injury. Eight female patients were having regular periods, two were on hormone replacement therapy (HRT) and two were postmenopausal. Four teen patients had suffered complete lesions. There were also IS patients with incomplete lesions and two patients, in the acute stages of injury after fracture of the cervical spine, were neurologically intact (Frankel score E). Details of the patients are summarised in Table 1 .
An Achilles (Lunar Corporation, Madison, WI, USA) ultrasound bone densitometer (USBD) was used to scan the right heel of all patients. Its use in normal populations has previously been described in detail. 12 In brief, measurement of the calcaneus requires the patient to sit on a chair with the right foot placed in a chamber, the lid acting as a calf support. Before placing the foot in the chamber, both sides of the heel are cleaned with alcohol to remove any surface debris that may interfere with the ultrasound measurement. The foot is positioned with a purpose-built toe-peg to aid reproducibility. Then water, preheated to 37°C, enters the chamber surrounding the heel. Air bubbles in the water are minimised by a solution containing surfactant and an antimicrobial agent. The USBD consists of two 2.S4 cm diameter, SOO KHz unfocused transducers mounted coaxially 9.S cm apart. Ultrasound signals transmitted from one transducer through the calca neus, are received by the other transducer. The received ultrasound signals are digitised and stored in a portable IBM compatible computer for future analysis. Scanning takes about S min. The co-efficient of variation (CV) for the ultrasound measurements are: BUA= 1.38 ± 0.4S%, SOS=0.19 ±0.08% and 'stiffness'= 1.49 ± 0.S9%?
Regional bone mineral DXA measurements at the lumbar spine (from L2 to L4) and the proximal femur were undertaken within 30 days of the ultrasound scan in 18 patients, using an Hologic QDR IOOOjW densitometer. The average time interval between the USBD and DXA scans was 8.4 ± 7.7 days. In two patients lOY2 and 17 weeks post injury, scans were undertaken 16 and 19 days apart. In a further two patients, 2.02 and 7.27 years post injury scans were separated by 27 and 16 days respectively. All other patients had both scans within IS days. The specific sites at the proximal femur region (femoral neck, Ward's triangle, trochanteric and inter-trochanteric) were determined by the manufacturer's instructions (Hologic Inc., Waltham, MA, USA). The reproducibility of DXA measure ment is 1.30% at the lumbar spine and 1.83% at the femoral neck. 6 Ultrasound 'stiffness' values for a 'normal' reference population of 1933 women and 460 men were obtained from the manufacturer (Lunar Corporation). However the matching values for BUA and SOS from which this index was derived were not available to us.
Values for BUA and SOS reported in this paper were derived from a cohort of 79 healthy volunteers (15 men, 64 women (age range 18-77 years)) recruited from the local population.
Z-scores were calculated for 'stiffness' at the calcaneus, by comparing the value at the calcaneus of the patients with the 'stiffness' for the age and sex related reference population provided by the manu facturer. The percentage difference was calculated from the age and sex related reference population, according to the following equation Similarly, the z-scores and the percentage differences for female patients in BMD at the lumbar spine and the femoral neck were calculated by comparing the values of BMD at the lumbar spine and the femoral neck of the patients with the BMD for the age and sex matched reference po;mlation obtained from our long term clinical study. Data for male patients were compared with our reference values for healthy male subjects (unpublished data). Table 2 summarises the reference BMD at the lumbar spine and the femoral neck in both healthy men and women. Men and women were recruited from the local population whose age ranged from 18 to 62 years. All subjects were screened with a questionnaire, serum osteocalcin, calcium, liver function and urine tests, and 24 h urinary hydroxyproline excretion. The women had a lateral radiograph of the dorsal and lumbar spine to ensure absence of vertebral fractures.
Results are expressed as mean ± standard deviation (SD). Bivariate correlations were undertaken to examine the relationship of ultrasound properties at the calcaneus and DXA measurements at the lumbar spine and proximal femur (SPSS UK Ltd., Chertsey, UK). Comparisons between groups were tested with the Mann-Whitney U-Test.
Results
Values for 'stiffness' at the calcaneus and BMD at the lumbar spine and femoral neck region of the proximal femur, expressed in terms of z-scores and percentage differences, and partitioned into different groups according to time since injury are shown in Table 3 .
Ultrasound bone density measurements
The z-scores and percentage differences in 'stiffness' at the calcaneus in all SCI patients were significantly lower (P<0.05 in all cases) compared with the healthy reference population at all times after injury. Since stiffness is derived from BUA and SOS, the relation ship between BUA and SOS at the calcaneus was examined in a group of our healthy subjects and in those patients with SCI. There was no evidence that patients with SCI at any time after injury exhibited a relationship between BUA and SOS that was significantly different from that of healthy subjects (Figure 1 ). Two patients with Frankel E grade who were measured within 3 months of injury, had a mean There was no significant difference between the mean z-score for 'stiffness' in female -2.1 ± 1.4 and male -1.5 ± 1.3 patients within the first year of injury.
Z-score for 'stiffness' was also compared in younger and older patients within 1 year since injury. Thirteen patients were under 35 years and five patients were over 35 years. The mean z-score for 'stiffness' was significantly lower (P < 0.05) in the older group -2.8 ± 1.1 compared with the younger group -1.3 ± 1.3. This suggests that the older patients lost more bone than the younger patients within the first year of injury.
DXA bone density measurements
No significant overall change in BMD occurred in the lumbar spine, although BMD decreased slightly between 3 -12 months since injury and tended to increase after 12 months since injury. At the femoral neck the change in BMD was not significant up to 12 months. After 12 months there was a significant decline to a mean of 2.3 SDs below the reference population.
Relationships between USBD and DXA
Correlations were derived relating SOS, BUA and 'stiffness' at the calcaneus with values for BMD at different sites are summarised in Table 4 . There was a negative correlation between ultrasound properties at the calcaneus and BMD at the lumbar spine, but positive relationships were found at sites in the proximal femur.
Discussion
The present work confirms that rapid bone loss takes place after spinal cord injury. Previous work compar ing bone loss at the femur and at the tibia has suggested that bone loss may not be so rapid at Ultrasound bone densitometry in SCI patients YW Chow et al proximal sites in the lower limb. In a longitudinal study, bone loss was more rapid at the tibial shaft than in the femoral shaft, 3 whereas a cross-sectional study comparing bone loss either side of the knee joint indicated that rates of bone loss were similar at these two closely related anatomical sites. 4 The present work extends these measurements to the calcaneus and establishes the site specific nature of both the initial rate of loss and of the final extent of bone loss. The present data show that bone loss from the calcaneus, during the first 3 months of injury, was more rapid when compared with the proximal femur ( Table 3) .
Prevention of bone mineral loss is becoming increasingly important in spinal injury patients. Improved rehabilitation and the development of equipment to aid walking requires the preservation of the mechanical integrity of the skeleton. Because of BUA (dBIMHzlan) Figure 1 Relationship between BUA and SOS in four groups with different time since injury. Time since injury: +, after 54 months; 6., 12 to 54 months; 0, 3 to 12 months; 0, within 3 months; ---, healthy reference (Linear regression line with 95% confidence limits) Data are presented as mean ± SD (n). *significance level compared with reference popUlation P < 0.05; **significance level compared with reference population P < 0.005 where LS = Lumbar spine; FN = Femoral neck; n = number of subjects the speed with which loss occurs at the calcaneus, ultrasound methods appear to be promising as a means of assessing early bone loss. The early and rapid loss at the calcaneus shows that any measure to prevent bone loss will be required as soon as possible after SCI. Ultrasound bone densito metry would appear to be a useful technique to monitor efficacy of therapy and may prove more versatile than most currently available DXA techniques.
Ultrasound measurement of calcaneal bone loss has emphasised the magnitude of the loss of mineral in the early weeks after injury. It is during this period that heterotopic bone is laid down in the trochanteric region. 1 The present study did not investigate the relationship of these two events, but treatment possibly with bisphosphonates l4 , 1 5 may not only prevent bone loss but also reduce the incidence of heterotopic calcification. The extent of final bone loss appears to relate to anatomical site, with those sites losing most bone being furthest from the spinal cord. Thus bone loss at the calcaneus is almost 55% by 54 months, compared with about 50% in the tibial shaft, 3 37% around the knee, 4 and 29% in the femoral neck. The finding that bone density increased in the lumbar spine is not unexpected, 1 6 and may be attributable to the weight bearing of the lumbar spine when the mobilised patient sits in a wheelchair.
Bone loss in the femoral neck may be ameliorated in postmenopausal women by oestrogen therapy. 17 The presence of sex hormones may have some limiting effect since bone loss was more rapid in older subjects than in younger subjects, but nevertheless younger subjects still lost bone. One woman of postmenopausal age on hormone replacement therapy was not protected against bone loss, suggesting that oestro gens may not have a major role to play in bone loss through immobilisation. The present study demon strates that the presence of oestrogen was no more effective than that of testosterone since premenopausal women lost bone as readily as men.
Relationships were also sought between ultrasound 'stiffness' values at the calcaneus and with DXA measurements at the lumbar spine and upper femur sites. There was generally reasonable agreement with speed of sound correlating better than BUA (Table 4) . The correlations noted in healthy subjects between BUA at the calcaneus and DXA measurements at the femoral neck have ranged from 0.29_0.57. 7 , 11 -1 3
Our values approximate to this range suggesting that bone density at the calcaneus is reflected in the bone mass at the femoral neck. Although rates of loss may differ, the relationship between the bone mass at the two sites does not appear to break down. It was also of some interest to investigate the relationship between BUA and SOS. This relationship is well described 11 and is maintained in osteoporosis. 7 The correlation between BUA and SOS remained at all times after injury and all but two of the values were within the 95% confidence limits of the relationship found in our healthy subjects (Figure 1 ). In this limited number of patients, the relationship between BUA and SOS was maintained during periods of rapid bone loss.
Immobilisation can lead to a depletion in bone 2 0 -22 and it is uncertain whether the superimposed effect of nerve injury can accentuate the process. In two subjects who were neurologically intact (Frankel E), mean 'stiffness' z-score was not significantly different from more severe grades suggesting that immobilisation may be a major component of bone loss following SCI.
The present data show that ultrasound technology has the potential to fulfil an important role in the assessment of bone loss after spinal injury. Ultrasound bone densitometry is useful in patients with spinal injury because it requires the patient to remain still for a shorter time than does DXA. Spasm is therefore less of a problem and maintenance of position easier. Patient repositioning for longitudinal studies is also likely to be more reliable. It is also non-invasive and reveals both early and considerable changes in bone loss. Any form of therapy designed to prevent bone loss after spinal lllJury requires to be started immediately after injury and measurement of calca neal bone mass will be an important adjunct to biochemical derangements, 23 , 24 in assessing bone status after SCI.
